The neurotoxin BMAA (β-N-methylamino-l-alanine) and its isomer DAB (2,4-diaminobutyric acid) have been detected in seafood worldwide, including in Thau lagoon (French Mediterranean Sea). A cluster of amyotrophic lateral sclerosis (ALS), a neurodegenerative disease associated with BMAA, has also been observed in this region. Mussels, periphyton (i.e. biofilms attached to mussels) and plankton were sampled between July 2013 and October 2014, and analyzed using HILIC-MS/MS. BMAA, DAB and AEG (N-(2-aminoethyl)glycine) were found in almost all the samples of the lagoon. BMAA and DAB were present at 0.58 and 0.83, 2.6 and 3.3, 4.0 and 7.2 μg g −1 dry weight in plankton collected with nets, periphyton and mussels, respectively. Synechococcus sp., Ostreococcus tauri, Alexandrium catenella and eight species of diatoms were cultured and screened for BMAA and analogs. While Synechococcus sp., O. tauri and A. catenella did not produce BMAA under our culture conditions, four diatoms species contained both BMAA and DAB. Hence, diatoms may be a source of BMAA for mussels. Unlike other toxins produced by microalgae, BMAA and DAB were detected in significant amounts in tissues other than digestive glands in mussels.
Introduction
BMAA and isomers (DAB, AEG and BAMA) are non proteinogenic amino acids that have been found in higher trophic levels in many ecosystems, e.g. Guam Island, the Baltic Sea and lake Taihu, China (Jiao et al., 2014 and Murch et al., 2004a . BMAA has been associated with amyotrophic lateral sclerosis (ALS)
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homogenized and stored at room temperature. Both free (when material was available) and total BMAA, DAB 110 and AEG were analyzed. The concentration of bound BMAA and isomers was obtained as the difference 111 between total and free concentrations. For mussels, aliquots of freeze-dried digestive glands (DG) and remaining 112 flesh (RF) tissues (n ≥ 12) were separately quantified. 113
Microalgal cultures 114
The non-axenic strains of microalgae that were screened for the presence of BMAA, DAB and AEG and their 115 conditions of culture are summarized in table 1. 116 117 Skeletonema pseudocostatum was isolated from Bouin, Atlantic coast, France. Chaetoceros sp. and Chaetoceros 128 pumilum were isolated from Argenton, English Channel, France. 129
The culture media were prepared with natural filter-sterilized seawater (0.2 µm) at a salinity of 35. All 130 microalgae were grown in batch culture, and were harvested via centrifugation at 4000 g for 30 min at 4 °C. 131
Supernatant was carefully removed using Pasteur pipetting and the resulting pellet was freeze-dried, 132
homogenized and stored at room temperature until extraction of total BMAA, DAB and AEG. 133
Sample preparation 134
The procedures for extraction of BMAA, DAB and AEG (both in free and total form), and for analysis were 135 optimized in a previous study (Reveillon et al., 2014) . Briefly, deuterated DAB (D 5 DAB at a final concentration 136 of 50 ng.mL -1 ), used as internal standard (750 µL solution, in 0.1 M TCA), was added to freeze-dried shellfish 137 and periphyton (15 mg) or wild and cultured phytoplankton (10 mg). The mixture was ground with glass beads 138 (0.5 g) in a mixer mill (Retsch MM400, Germany) for 30 min. For the extraction of free analytes, supernatants 139 were filtered after grinding and directly cleaned up by SPE. For the extraction of total BMAA and isomers, 140 supernatants were collected and evaporated to dryness under a stream of nitrogen at 40 °C. The residue was 141 dissolved in 600 µL HCl (6 M) and hydrolyzed at 99 °C for 24 h. HCl was dried, and the residue was dissolved 142 in 1 mL of TCA (0.1 M) before SPE clean-up. SPE was performed on Bond Elut ® Plexa PCX cartridges (Agilent 143
Technologies, VWR, France). 144
HILIC-MS/MS analysis 145
The LC-MS/MS system consisted of an Ultra-Fast Liquid Chromatograhy (UFLC) (Shimadzu, France) coupled 146 with a triple-quadrupole mass spectrometer (5500 QTRAP, AB Sciex, France). BMAA, DAB and AEG were 147 separated on a ZIC ® -HILIC column (150 × 2.1 mm, 5 μm, Merck Sequant®, France) with a TSK gel amide 80 148 guard column (2 × 10 mm, 5 μm). The linear gradient elution program of the binary mobile phase (solvent A: 149 water with 0.1% formic acid; solvent B: acetonitrile with 0.1% formic acid) was as follows: 0 min, 37% A; 18 150 min, 55% A, 20 min, 55% A; 23 min, 37% A and 38 min, 37% A. The flow rate was 0.2 mL.min -1 , the column 151 temperature 30 °C while samples were kept at 4°C and the injection volume was 5 μL. 152
The MS/MS analysis was performed in positive ion mode with multiple reaction monitoring (MRM) detection. 153 BMAA, DAB and AEG were unambiguously distinguished thanks to chromatographic resolution, specific mass 154 spectral transitions and ion ratios (the peak area ratio between the mass spectral transitions m/z 119>76 and 155 119>88 was also considered for the identification of BMAA). Transition m/z 119 > 102 (common to all three 156 analogues) was used to quantify BMAA, DAB and AEG, while transition m/z 124 > 47 was used to quantify 157 D 5 DAB. 158 BMAA and isomers were quantified using a five-point calibration curve of pure standards prepared by dilution 159 series (1-100 ng.mL -1 ) of stock solutions in a mixture of ACN and water (63:37, v/v, both containing 0.1% FA), 160
i.e. the starting condition of the chromatographic gradient. A corrective factor derived from D 5 DAB recovery 161 was applied to more accurately quantify BMAA, DAB and AEG. All other instrument parameters were the same 162 as mentioned previously (Reveillon et al., 2014) . The software Analyst 1.5.1 was used to reprocess the acquired 163 raw data. 164
Statistical Analysis 165
SigmaPlot 11 (Systat Software Inc., Chicago, IL, USA) was used to perform t-tests. 166
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Results and Discussion 167
Sample preparation and analysis 168
We used a selective and sensitive HILIC-MS/MS method that had previously been optimized (Reveillon et al., 169 2014 ). This method allowed us to accurately identify and quantify BMAA, DAB and AEG in biological 170 matrices, using D 5 DAB as internal standard. In this study, the total recovery of D 5 DAB was consistent with the 171 results that we have reported in (Reveillon et al., 2014) but also with (Jiang et al., 2013) who observed a total 172 recovery of BMAA of 63.3% for spirulina tablets extracted with a similar sample preparation procedure. Indeed, 173 average recoveries ranged from 53.9 to 60.4% for microalgae and plankton collected with nets and from 56 to 174 66% for mollusk matrices, extracted for both free and total BMAA and isomers. The relative standard deviation 175 was between 8.9 and 18.8% indicating adequate reproducibility of the sample preparation procedures. However, 176 the recoveries in periphyton matrix were significantly lower (from 28.1 to 29.4%). A group working with 177 freshwater biofilms has also reported lower recoveries of BMAA and DAB in this matrix, in comparison to 178 cyanobacteria and water samples (Combes et al., 2013) . 179
180
A compound eluting just before BMAA was observed in hydrolyzed environmental samples of periphyton 181 (figure 1) and plankton, as well as in bivalves as previously reported for hydrolyzed mussels and oysters 182 (Reveillon et al., 2014) . The presence of BMAA, DAB and AEG has been reported in sporadically collected mollusks from Thau lagoon 187 (Masseret et al., 2013; Reveillon et al., 2014) . For this study, monthly sampling was carried out for over a year 188 (July 2013 to October 2014). In addition to mussels, periphyton (i.e. biofilms attached to mussel) and seston 189 were also collected with phytoplankton nets in order to verify the presence and the distribution of BMAA and 190 isomers in different compartments of the Thau lagoon ecosystem and in different mussel tissues. 191
Monitoring of BMAA and isomers in mussels from analyzed for in few of these studies but DAB concentrations were generally similar to those of BMAA. 216
The survey from July 2013 to October 2014 provided insight into the distribution of BMAA and isomers in 217 mussels from Thau lagoon, including seasonal variations. Concentrations of DAB were relatively constant 218 throughout the sampling period, irrespective of the free or total form and the organ considered (Appendix A). 219
The overall mean concentration of total DAB in remaining flesh (RF) and digestive gland (DG) tissues was 7.2 220 µg.g -1 DW, with a relative standard deviation of only 22%. On the opposite, the concentration of total BMAA 221 varied and showed two time-dependent increases in summer/autumn seasons in 2013 and 2014. High levels of 222 total BMAA (from 3.8 to 14.4 µg.g -1 DW) has also been observed throughout the summer of 2009 in mussels 223 from Thau in a previous study (Reveillon et al., 2014) . Similarly, Masseret et al., 2013 also reported higher 224 concentrations of BMAA in mussels collected at the same location during summer. The pattern of BMAA 225 presence in mussels of the lagoon could be due to cycles of accumulation/depuration, as a result of feeding, in 226 analogy to the hypothesis formulated for contaminated cockles in Portugal, feeding at least partially on the 227 dinoflagellate Gymnodinium catenatum that was shown to contain bound BMAA (Lage et al., 2014) . The higher 228 seasonal variability in BMAA concentrations compared to DAB may also be due to the generally much wider 229 presence of DAB in all phytoplankton and cyanobacterial species analyzed. 230
Distribution of BMAA and isomers in mussels digestive glands (DG) and remaining flesh (RF) tissues 231
We discriminated concentrations of BMAA and its isomers between digestive glands (DG) and remaining flesh 232 (RF), so these tissues were separately analyzed (figure 2). 233 234 
t-test). 238
Relative abundance of BMAA, DAB and AEG all differed significantly between digestive glands and remaining 239 flesh of mussels (P < 0.05). Indeed, free and bound BMAA were more present in RF tissues and accounted 240 respectively for 69.3% ± 17% and 59.5% ± 6% (mean ± RSD) of the BMAA concentrations in mussels. On the 241 opposite, concentration of bound AEG was significantly higher in DGs. Concerning DAB, while free 242 concentration was significantly higher in RFs, the tendency was reversed for bound DAB which was 243 significantly more present in DGs. This differential distributionis somewhat surprising, considering the small 244 differences at molecular level of these amino acids. However, differences between analogs had already been 245 observed in an in vitro model for protein incorporation (Glover et al., 2014a). 246
The distribution of BMAA and DAB within mussel tissues was unusual in comparison to other cyanotoxins and 247
phycotoxins Toxins accumulating in filter-feeding bivalves as a function of consumption of microalgae were 248 mainly found in digestive glands or viscera, independently of the polarity of the toxins, with proportions ranging 249 To further increase our knowledge about the distribution of BMAA in different compartments of the Thau 265 lagoon ecosystem, we collected different samples of plankton. Both periphyton (i.e. biofilms attached to the shell 266 of mussels) and seston were analyzed for free and total BMAA and isomers. 267
Periphyton consists of biofilms that are assemblages of aggregated microorganisms and particles that are 268 attached to a substrate (i.e. on the shell of mussels in this study). Unfortunately, species identification of 269 periphyton samples from Thau lagoon was not performed, however, in a previous unpublished study diatom 270 species had been observed in periphyton from Thau lagoon (E. is expected to occur. It is not proven that mussels directly feed on periphyton but they may possibly feed on 282 periphyton grazers (Hillebrand et al., 2002) , or on diatoms and other organisms constitutive to periphyton in 283
Thau lagoon. 284
While we do not know if mussels typically feed on periphyton in Thau lagoon, they are known to feed on 285 phytoplankton or zooplankton, the major components of seston. We detected BMAA and DAB, almost 286 exclusively in their bound form, in seston collected with phytoplankton nets (figure 4). Unlike for periphyton 287 matrix, no AEG was detected in these samples. We detected BMAA and DAB in seston dominated by either 288 microalgae or zooplankton, and even when species of both organisms were found in similar proportion (e.g. The composition of plankton collected from July 8, 2014 was reported in Appendix B. Unfortunately sampling 299 procedure did not lead to size fractions that clearly contained only phyto-or only zooplankton. As expected, 300 phytoplankton (mostly diatoms) were more abundant in seston > 20 µm while zooplankton (mainly copepods) 301 dominated the biomass in seston > 63 µm. The screening of seston samples did not allow us to identify specific 302 organisms containing BMAA in Thau lagoon. However, the presence of BMAA and DAB in these samples 303 suggested that some plankton species, on which mussels can feed, did contain these two non proteinogenic 304 amino acids. However, the plankton community in the seston collected occasionally did not reflect the overall 305 plankton community between July 2013 and October 2014. Therefore, the database of the French national 306 monitoring program on phytoplankton and phycotoxins (REPHY) was interrogated for species specific 307 information during our sampling period. shown that Chaetoceros sp. was the main diatom species in the microplankton on several occasions separated by 317 several years, indicating that this species is regularly abundant in Thau lagoon (Pernet et al., 2012; Vaquer et al., 318 1996) . Data from this study, as well from previous studies, thus confirmed that diatoms, in particular 319
Chaetoceros sp., were highly abundant during the sampling period and could have been an important food 320 source for zooplankton and mussels. As previously mentioned, the presence of diatoms is noteworthy since 321 Chaetoceros sp., we also screened eight species of diatoms, including three Chaetoceros species. BMAA was 336 detected in four out of the eight species of diatoms (table 2) and was not detected in any other class. Concerning 337 the two isomers of BMAA, DAB was found in all microalgae while AEG was only detected in four of the 338 eukaryotic strains. 339 340 341 The toxic dinoflagellate Alexandrium catenella was screened since some dinoflagellates have been suggested to 369 produce BMAA (Lage et al., 2014) . Ostreococcus tauri, the smallest known eukaryote, is also very abundant in 370
Thau lagoon (Dupuy et al., 2000; Vaquer et al., 1996) , and was therefore also tested as a potential source 371 organism. Interestingly, these two species did not produce BMAA under our culture conditions, yet they did 372 produce DAB and AEG, and could thus be a primary source for these isomers in the zooplankton and the 373 mussels of the lagoon. However, O. tauri was reported to be poorly retained by oysters of Thau lagoon (Dupuy 374 et al., 2000) , suggesting that this picoeukaryote could not be a valuable direct trophic resource for mussels. 375
According to Masseret The concentration of BMAA in mussels seemed to be linked to the abundance of diatoms during the sampling 416 period ( figure 7) . Indeed, the peaks of diatom abundance, in summer 2013 and 2014, were followed by 417 accumulation of BMAA in mussels. On the opposite, BMAA concentration decreased slowly during winter and 418 spring, when diatom abundances dropped, until a new bloom of diatoms appeared the following spring. DAB 419 concentrations did not depend on diatoms abundances, which is coherent with the presence of this analogue in all 420 0.E+00 
DW)
total BMAA total DAB Diatoms Chaetoceros Pseudo-nitzschia Ceratoneis closterium Skeletonema costatum Other species analyzed. BMAA concentrations in the remaining flesh of mussels never decreased to less than 2 µg.g -1
421
DW between July 2013 and October 2014. The long accumulation and retention of BMAA in mussels may be 422 coherent with the strong association with (and potentially incorporation into) proteins. Furthermore, the increase 423 of BMAA concentrations was relatively slow and lasted for a few months after the peak of diatom blooms, 424 which suggests that additional uptake routes via zooplankton might play a significant role in the BMAA food 425 chain of Thau lagoon 426
. As suspension-feeding aquatic animals, bivalve mollusks have specialized in grazing on particles of a wide 427 range of size, ranging from bacteria (< 2µm) to zooplankton (> 200µm) (Riisgard and Larsen, 2010) . Thus, 428 mussels may accumulate BMAA from diatoms as well as from zooplankton. This hypothesis is supported by the 429 occurrence of BMAA in fractions of plankton dominated by either diatoms or zooplankton. BMAA has already 430 been reported in zooplankton, in 6-fold higher concentrations than in cyanobacterial samples from the Baltic Sea, 431 suggesting a bioaccumulation through feeding processes . This bioaccumulation may have 432 also occurred in Thau lagoon as zooplankton is assumed to feed on microalgae and some dinoflagellate and 433 diatom species present in this ecosystem are reported to contain BMAA. 
Conclusions and perspectives 447
We performed a survey of different trophic compartments of the Thau lagoon ecosystem, including seston 448 (phytoplankton and zooplankton), periphyton and mussels, between July 2013 and October 2014. BMAA, DAB 449
and AEG were present in mussels at any time point through the year. Interestingly, bound forms of both BMAA 450 and DAB were also detected in phytoplankton-dominated fractions, zooplankton-dominated fractions and 451 periphyton, all representing possible food sources for mussels. The increase in BMAA and DAB between lower 452 and higher trophic levels led us to hypothesize that bioaccumulation of BMAA and DAB occurs as a result of 453 feeding processes in mussels of Thau lagoon. The phytoplankton community of this ecosystem is dominated by 454 diatoms, as confirmed by both the observation of the phytoplankton-dominated fractions and the REPHY 455 surveillance program. This is of particular importance since diatoms have recently been suggested to produce 456 BMAA and they sustain the growth of mollusks in Thau lagoon. Indeed, we confirmed through controlled 457 cultures of diatoms in the laboratory that they may constitute a source of BMAA. In particular, we found BMAA 458 in two out of the three Chaetoceros species that were screened and this genus is frequently present in Thau 459
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